Motivation: Many bioinformatic approaches exist for finding novel genes within genomic sequence data.
Introduction
Since the advent of whole genome sequencing, the question of whether a gene of interest or a novel related gene exists can be answered. However, as simple as this question may be, it is difficult to know whether a gene family has been mined exhaustively. Two questions tend to trouble the investigator; firstly, whether the gene prediction algorithms missed any genes, and secondly, whether using current homology based methods all possible family members have been identified when one searches the raw genomic sequence data. Many approaches have been developed for finding genes in the large corpus of genomic sequence data. These methods include analyzing data from gene prediction algorithms such as GRAIL (Lopez et al., 1994; Roberts, 1991; Uberbacher et al., 1996) , GENESCOPE (Murakami & Takagi, 1998) , fgenesh (Salamov & Solovyev, 2000) , GeneMark (Borodovsky & McIninch, 1993) , and GENSCAN (Miyajima et al., 2000) , correlating genes with genome mapped EST transcript, (Bailey et al., 1998; de Souza et al., 2000; Wolfsberg & Landsman, 1997; Yuan et al., 2001) , searching for expression signals from genome wide microarray tiling experiments (Kapranov et al., 2002; Shoemaker et al., 2001) , comparing genomes of related species to identify conserved sequences that may indicate novel open reading frames and regulatory regions (Ansari-Lari et al., 1998; Chen et al., 2001; Delcher et al., 2002; Dubchak et al., 2000; Loots et al., 2000; Mayer et al., 2001; Mayor et al., 2000; McGuire et al., 2000; Oeltjen et al., 1997; Pennacchio et al., 2001; Takami et al., 2000; Tompa, 2001) , and direct homology searching against the raw genomic sequence using algorithms such as TBLAST2N (Altschul et al., 1990 ) TFASTA , (Pearson & Miller, 1992) , TSWN (Smith & Waterman, 1981; Waterman & Eggert, 1987) , Wise2 (Birney & Durbin, 2000) , Proframesearch (Gribskov & Veretnik, 1996) , Tframesearch (Gribskov & Veretnik, 1996) , and GFScan (Xuan et al., 2002) . In every case, a homology based search step has to be included to determine whether the query is related to anything in the genome.
While a thorough review of each of the above methods is beyond the scope of this paper, each approach has its drawbacks and strengths. The identification of novel genes from a dataset derived from gene prediction algorithms depends on whether these algorithms can identify a truly novel gene with little similarity to the genes they were trained on. Genes with unique or unusual structure or composition may be missed. EST transcript mapping is often used to complement gene prediction algorithms; however, its 4 sensitivity depends on whether the transcript is present in the sequenced cDNA library. The genome wide microarray tiling approach consists of creating a microarray that contains overlapping probes that covers all the sequences in the genome. These arrays are then subjected to various mRNA samples and the goal is to identify regions of the genome that hybridize to the mRNA that would otherwise not be identified by other methods. This is an extremely powerful method (Shoemaker et al., 2001) ; however, problems do occur.
Similar to the EST transcript mapping approach, this method is limited by the abundance or presence of a transcript in the mRNA pool. Furthermore, microarray tiling is also subject to a high false positive hit rate, since repetitive sequences may create false positive signals. Comparing genomes of related species is a powerful approach since it is able to identify conserved regions that may suggest novel open reading frames, nevertheless it is dependent on the accuracy of the pairwise alignments at the genomic scale, the presence of a sequenced genome to compare against, and the task of determining whether the conserved region represents a coding segment. Finally, traditional homology based search approaches where a nucleic acid or protein sequence is queried against a whole eukaryotic genome have also been problematic.
The problems often consist of a lack of general sensitivity and a high false positive rate. This lack of sensitivity in protein against nucleic acid searches is probably due to the presence of introns splitting the domains of interest and the statistics of finding a short but significant hit within a large sequence dataset.
Nevertheless, these traditional homology search based approaches are often the first methods used to mine a genome for homologues since they are quick and efficient and serve as the foundation for this work .
Therefore, the impetus to predetermine all possible reading frames in the genome and to use traditional protein-protein homology based search methods came from the difficulty in identifying most, if not all, of the known members of a well-studied gene family from the human genome. In our experience, there appears to be a general lack of sensitivity associated with most homology based search algorithms when applied to genomic data. As shown later, a TBLAST2N search for bromodomains using the bromodomain from human bromodomain containing protein 1 fails to identify the well-conserved bromodomain in p300/pCAF. Furthermore, this lack of sensitivity increases the number of false positive hits, as the search algorithms tend to find non-significant matches while missing known genes. Therefore, to circumvent the problems associated with the gene prediction methods and to improve the general sensitivity of commonly used single query based homology search methods (TFASTA, TBLAST2N, and others), a genome dataset where all reading frames were determined and, for this analysis, translated was used . The ETS domain, bromodomain, and acetyl-CoA acetyltransferase protein are used as examples of two types of searches. These two types are a subsequence representing a single exon domain as in the case of the ETS and bromodomain and a full length sequence representing a whole multiple exon protein as in the case of the transferase. Using these two query types, we will show that applying traditional proteinprotein search methods to a whole genome result in improved sensitivity over protein-DNA homology search methods. The TBLAST2N, BLAST2P, and FASTA3 applications are used exclusively in this report. While other algorithms exist for homology searching, these three are commonly used and their performance is well understood and thus provide an excellent basis for comparis on. For this report, three examples are used, although this approach has been used successfully for many protein families and domains. These include FaRP neuropeptides (Zhao et al., 2003) , cadherins (Hoeng et al., 2003) , and catechol-O-methyltransferases and methionine tRNA synthetases (McClatchy et al., 2003) . Therefore, the goal of this report is to demonstrate how breaking the genome into all possible reading frames prior to the search significantly improves the sensitivity of traditional homology based search methods.
System and Methods

Six frame translation
For this analysis, the reading frame identification was performed on chromosomes assembled from the Celera release 26 human genome. The current Celera human genome is release 27, though for consistency, all the analyses used the release 26 genomic data. Each chromosome was fragmented into all possible reading frames and translated. Four criteria were imposed on performing the segmentation of the genome into all possible reading frames. These criteria are that sequences are segmented and translated from stop codon to stop codon, ambiguous residue to stop codon, stop codon to ambiguous residue, and ambiguous residue to ambiguous residue. The assemb led chromosomes were derived from repeat masked sequences with the masked repeats represented by the letter "N." All translated sequences of at least 8 amino acids were kept. The chromosome and the positions the translated sequence are derived from are noted in the header line for each amino acid sequence. FASTA and BLAST2 databases were created for each translated chromosome and for the whole data.
Search Method
The default parameters were used for all the search applications applied in this analysis with the exception that the expectation score cutoff was set to 100 to allow for ROC50 calculations (see next section on ROC).
Once the query has been selected, the BLAST2 and FASTA3 applications were used to search against the reading frame fragmented genome. TBLAST2N searches were performed against the original untranslated genome. Version 3.3t09 for FASTA3, version 2.25 of Blastall for BLAST2P and TBLAST2N were used.
The searches were performed on an SGI Origin 3000 running IRIX 6.5.18. The searches were performed against each chromosome separately instead of against a complete genome. This was done originally when the performance of TBLAST2N against the wh ole genome resulted in only one hit per a chromosome.
Therefore, instead of troubleshooting TBLAST2N, the genome was separated into individual chromosomes and searched against. The one hit per a chromosome issue with TBLAST2N was avoided. Therefore, this chromosome by chromosome based search was extended to all the searches for consistency. Sequences unassigned to a specific chromosome were omitted from the searches. For the TBLAST2N searches, the original nucleic acid sequences for each chromosome were queried. The default outputs from TBLAST2N, BLAST2P, and FASTA3 were parsed using PERL and the hit sequences extracted. All hits were then subjected to validation by HMMPFAM against the PFAM database. Those hits that are annotated by HMMPFAM (Bateman et al., 2002) as hitting the relevant domain are counted as being a valid hit.
HMMPFAM was chosen for validation since its domain models are well defined and comprehensive.
While the data is not shown, a second round of BLAST2P searching with the hit sequence was also performed to confirm the HMMPFAM annotation. In every case, BLAST2P against a nonredundant protein database confirmed the HMMPFAM results. The hits in the Celera Discovery System annotated through matches to the relevant Prosite motif were retrieved and correlated with the homology based hits.
The listed annotations are either provided by the Celera Discovery System annotation or by the top hit retrieved by a BLAST2P search against a nonredundant protein database.
Receiver Operating Characteristic Scoring
7
The receiver operating characteristic scores for each method was calculated using the method defined by Schaffer and colleagues (Schaffer et al., 2001) . These scores are truncated receiver operating characteristic scores since the calculation is terminated when 50 false positives are found. Briefly, for each search, a hit was classified as being a true positive or not by whether an HMMPFAM search of the matched sequence hits the domain of interest. The ROC50 score was calculated as:
where: n = the number of false positives (50); T = the number of true positives; i = the rank index of the false positives; t i = the number of true positives ranked ahead of the ith false positive. The order that the hits are found is maintained. A custom PERL script was written for merging hits. The merging of hits occurs by examining the database hits 5' and 3' location and determining whether other database hits are within 1000 or 1000000 bps of each other. If two or more hits are within this window from each other, the hits are combined. The highest scoring hit is scored in the ROC 50 calculation. The positions of the other hits that were merged are removed from the list of ranked hits. Since the original sequences were originally performed on a chromosome by chromosome basis, the rank order of hits for the whole genome was inferred. The hits were combined and ranked according to the bit score for the alignment.
Results
Development of the Reading Frame Determined Genome
To demonstrate the utility of predetermining all the possible reading frames in the genome, we apply such a dataset in three protein-based searches and compare its performance against traditional protein versus DNA searches using a whole unbroken genomic dataset. For the purpose of this paper, the searches were conducted against the whole human genome (Consortium, 2001 ) Celera release 26 (Venter et al., 2001 ). This genome was broken into all 6 potential reading frames and translated. All open reading frames of at least 8 amino acids were kept. Ambiguous nucleotides and/or stop codons define the boundaries for the reading frames and were not kept in the predetermined genomic dataset. A total of 127,953,434 sequences had at least 8 amino acids, giving rise to 3,148,047,189 amino acids in the translated dataset. 
ETS-Domain Family
Members of the ETS-domain family of transcription factors are found throughout the metazoan lineage and are involved in regulating many adult and embryonic development and growth signaling pathways (Sharrocks, 2001) . Transcription factors of this family are classified based on their similarity to the founding member of the family, human ETS -1's DNA binding domain (Sharrocks, 2001) . Using the ETS domain sequence of the human ETS-1 transcriptional factor as a query, which resides on one exon (amino acids 335 to 441 of swissprot: p14921), TBLAST2N, BLAST2P, and FASTA3 searches were initiated against the Celera human genome release 26 in both its translated and nontranslated forms. A comparison of the domain hits by chromosome using the three homology search algorithms, TBLAST2N, BLAST2P, FASTA3, and as annotated in the Celera translated genes dataset is shown in Table 1 .
For each homology search algorithm derived match in the genome, either translated or not, the matched sequence was extracted and subjected to a HMMPFAM search. Only those sequences that were above the program's default cutoff that hit the HMMPFAM ETS domain model were kept. As can be seen from Table 1 , searches against the translated genome resulted in more relevant hits than against the nontranslated genome. The TBLAST2N search found 36 ETS motifs while FASTA3 identified 42 motifs and the BLAST2P search found 40 motifs. It must be noted that multiple domains in the same gene or domains split by introns were still counted as one match, since they correspond to one gene. 26 Celera entries were annotated as containing a PROSITE defined ETS motif. An additional 4 genes were not identified by PROSITE as having an ETS domain motif, but were annotated as having an ETS domain by homology. Therefore, a total of 30 Celera genes were identified as having an ETS motif.
Through BLAST2P and FASTA3 searches, 9 genomic loci were identified that contained ETS domains that were not listed in the Celera annotations. TBLAST2N was able to identify only 4 of these 9 loci. The locus on chromosome 14 at position 86538982 showed ~74% identity to the ETS domain of the ELK1 gene; however, this locus is probably a pseudogene due to an in frame stop codon that was revealed by the TBLAST2N search. The second locus on chromosome 14 at position 75994371 showed only 40% 9 identity over a 42 amino acid region of the ETS domain of Strongylocentrotus purpuratus ETS homologue, which was the best hit by BLAST2P against a nonredundant protein database. While the BLAST2P expectation score was a high 2.3, this translated segment is expressed by the human EST gb: AI498991.
However, searching with the EST against a nonredundant protein database did not reveal any similarity to any known gene. The possibility therefore remains that a frameshift in this gene has destroyed the original ETS-like domain. Finally, the locus at position 126525306 on chromosome X is highly divergent from the known ETS domains, though using this sequence in a BLAST2P search against a non-redundant protein database, only ETS domains containing proteins were found. The motif is 35% identical across most of the ETS domain of chicken c-ETS-2, which is its best hit by a BLAST2P search against a nonredundant protein database, as shown in Figure 1 . Furthermore, when the segment is aligned against the ELK-1 and SAP-1 sequences which have been co-crystallized with their cognate DNA sequence (Mo et al., 2000) , 12 of the 17 residues that mapped to DNA protein contact points are conserved (Figure 1 ). This distant homologous domain may have a DNA binding activity similar to ELK-1/SAP-1 based on sequence conservation. These last two examples were not detected by TBLAST2N.
Bromodomain Family
The bromodomain is derived from the brahma protein in Drosophila melanogaster (Marmorstein & Berger, 2001; Zeng & Zhou, 2002) . This domain is found in many chromatin-associated proteins, including almost all histone acetyltransferases and may influence chromatin remodeling and transcriptional activation (Marmorstein & Berger, 2001; Zeng & Zhou, 2002) . The bromodomain of human bromodomain containing protein 1 (swissprot: O95696, residues 579-649) was used as a query sequence ( Table 2 ). The same criteria for accepting a homology search result from the ETS domain analysis (see above) were applied here and like the ETS domain analysis, this analysis used a single exon domain derived from a larger sequence as the query. TBLAST2N identified 29 bromodomain motifs, while BLAST2P and FASTA3 identified 35 and 41 bromodomain motifs respectively. A total of 42 Celera entries were annotated as containing the PROSITE motif for the bromodomain or by homology to bromodomain. These include four chromosome loci that the TBLAST2N, BLAST2P, and FASTA3 missed; however, the motifs at these loci have an extremely low percent identity to the query motif. The first locus missed is on chromosome 2 at position 22869140 and is annotated as a SP110 nuclear body protein (rsp: NP_536349).
When the bromodomain of this protein is compared against the bromodomain used as the query for these searches, only 12.4% identity was found with 12 identical residues as aligned by ClustalW (Thompson et al., 1994) . The second locus missed is on chromosome 11 at position 115494790 and is annotated as a myeloid/mixed lineage Drosophila Trithorax homologue. This gene has three predicted splice variants with one version containing a bromodomain from residues 1640 -1770. When the variant with the bromodomain is compared against the bromodomain from human bromodomain containing protein 1, only 10.4% identity was found. The third locus missed is on chromosome 19 at position 56961599 and is annotated as tripartite motif protein 28. Like the homologue on chromosome 11 described above, this gene also has three splice variant forms. One form was annotated as containing a bromodomain from residues 563 -667. When compared by alignment via ClustalW against the bromodomain from human bromodomain containing protein 1, 15.5% identity was found. The fourth locus missed is on chromosome 10 at position 623322 and is annotated as Adenovirus 5 E1A binding protein. This protein's bromodomain was found to be 14% identical to human bromodomain containing protein 1. In each case, the percent identity between the query sequence and the missed bro modomain protein was below 20% over a short portion of the protein and using the default parameters for TBLAST2N2, BLAST2P, and FASTA3, such matches are generally not identified as being statistically significant and hence never reported. Figure 2A shows an alignment among the bromodomains of Bromodomain Protein 2, and the four loci found annotated in Celera as described above. Among these domains, there are only three identical positions and four conserved positions, all supporting the fact that the four missed genes have low similarity to the query sequence.
In contrast to the domains annotated in the Celera dataset, the predetermined reading frame searches revealed that the motifs at positions 67899695 on chromosome 17 and 8475426 on chromosome 11 are related to the bromodomain of human bromodomain containing protein 1 at 45% and 34% identity respectively (see figure 2B ). These positions were not identified in the Celera dataset as being part of any open reading frame. Furthermore, none of the positions on chromosome 11 were identified by TBLAST2N. Similarly, the two motifs at positions 118900473 and 111842559 on chromosome 6 were not identified by Prosite motif analysis in the Celera annotation as containing a bromodomain. Instead their predicted open reading frames were annotated as being related to bromodomain containing genes by homology searches done during Celera's annotation process. The motif at 111842559 on chromosome 6 was also missed by TBLAST2N.
Acetyl-CoA Acetyltransferase Family
Members of the acetyl-CoA acetyltransferase family function in straight chain, branched chain, and polyunsaturated fatty acyl oxidation (Daum et al., 1971; Fukao et al., 1990) . The gene is also called beta-ketothiolase. This search represents a multiple exon query since the whole protein sequence is used.
Using the whole human acetyl-CoA acetyltransferase I protein sequence (pir:JH0255) as a query, a total of 9 potential gene loci were identified. Interestingly, no one method was capable of identifying all 9 gene loci. FASTA3 and BLAST2P searches against the reading frame segmented and translated genome resulted in 7 and 8 hits respectively. TBLAST2N searches against the nucleotide database identified 5 hits.
These results are shown in Table 3 . All three search methods miss the beta-ketothiolase domain within the sterol carrier protein-X proprotein, which was identified in the Celera annotation. The Celera genome also annotated aconitase as being related to beta-ketothiolase. None of the search methods related aconitase to the acetyl-CoA acetyltransfe rase I query, the percent identity between the original query and aconitase is only 22% identical over a 68 amino acid stretch of a 780 amino acid protein. As with the marginal bromodomain sequences, this low percent identity may account for its absence in the BLAST2P, FASTA3, and TBLAST2N search results. Conversely, the Celera genome annotation did not identify the locus on chromosome 3 at 28902640, nor did it annotate any of the loci on chromosome X as being related to this gene family. The chromosome 3 locus at 28902640 is found to be similar to 3 ketoacyl CoA thiolase as revealed by BLAST2P searching against a nonredundant protein database. The locus at 3662752 on chromosome X is similar to trifunctional enzyme beta subunit, while the locus at 46371040 on the same chromosome is similar to acetyl CoA acetyltransferase 2. None of the last three examples were seen by TBLAST2N.
Sensitivity and Selectivity: Receiver-Operating Characteristic (ROC) Analysis
The increased sensitivity of the protein-protein searches over the protein-DNA searches as shown in tables 1 -3 does not indicate whether selectivity was sacrificed, resulting in a higher false positive rate.
To address this question, receiver operating characteristic (ROC) analysis was applied as shown in figure 3 and Table 4 . Briefly, the ROC analysis measures an algorithm's ability to discriminate the true positive fraction of a dataset from the false positive fraction of the dataset, by plotting the true positive positional occurrence on the ordinate to the false positive positional occurrence on the abscissa. The sensitivity of a method is measured by the height of the curve. Therefore, when comparing curves, the higher the curve, the more true positive hits were identified. The area under the ROC curve measures the probability of correct classification. Closer the area is to 1.0, the closer the method classifies all its hits correctly. The reader is referred to Gribskov and Robinson (Gribskov & Robinson, 1996) for a discussion of applying ROC analysis to sequence based analysis . Like the Gribskov analysis, we also truncate the ROC analysis at the point when 50 false positives are found. Therefore, using the criteria of ROC 50 , the results of all the searches were plotted onto a ROC curve as shown in figure 3 and the calculated area under the curve is shown in Table 4 . As seen in the table, ROC 50 areas or scores were calculated using three criteria: no merge, 1kb merge, and 1mb merge. For the 1kb merge, all hits within 1kb of each other are merged into one hit and the top scoring hit of the merged set is used in the ROC analysis. The lower scoring hit positions are eliminated and never counted during the ROC analysis. The merging was performed to emulate the domain identifications done in Tables 1 -3. In the doma in identification analyses, multiple hits to the same gene or domain are merged together and scored only once, although those hits that did not contain the relevant domain were not merged. As shown in Table 4 , the ROC 50 scores for all three algorithms are comparable, ranging from 0.9000 to 1.0000 with an average of 0.9576. The ROC 50 scores in this table do not reflect the sensitivity but the general selectivity of the algorithm. The merging of hits had only a minor effect on the ROC 50 score with the exception of the acetyl-CoA acetyltransferase TBLAST2N searches. In this case, the ROC 50 score improved from 0.9276 for non-merged data to 1.0000 for 1 megabase merged data. This change may reflect the multiple exon nature of the gene and by merging the hits the whole gene region may have been combined into one high scoring hit. Conversely, the FASTA3 searches for the same gene became less selective as the data became merged.
The sensitivity of the three search algorithms on the three queries is represented in figure 3 . In each subpanel of figure 3, the plotted ROC 50 graph represents the raw data with no merging. In each of the three queries, ETS domain, bromodomain, and Acetyl-CoA acetyltransferase, the BLAST2P and FASTA3 13 searches on the predetermined reading frame genome resulted in more true positive hits than the TBLAST2N searches against the raw nucleic acid sequence of the genome. In the ETS domain example, the differences in sensitivity of methods resulted in a near equivalent spread of 11% from the next ranked method as shown in figure 3A . For both the bromodomain and Acetyl-CoA acetyltransferase searches as shown figures 3B and 3C respectively, the BLAST2P and FASTA3 searches were within 10% of each other in finding true positives. In these searches, TBLAST2N was ~17-20% less sensitive than the next closest method.
Discussion
The goal of many homology based searches against a genome is to identify all potential homologues to a query sequence. The impetus behind the development of this method has been the difficulty in identifying all the known homologues to a specific gene family by commonly used TBLAST2N searches. In many cases, much more sophisticated searches using position specific weighted profiles or Hidden Markov Models are needed. Even using these methods, not every member is readily found. We have observed that the performance of search methods such as Smith Waterman (Smith & Waterman, 1981; Waterman & Eggert, 1987) , MEME/MAST (Grundy et al., 1997) , Profilesearch (Grundy & Bailey, 1999) , and HMMER (Eddy, 1998) improve when used on a genomic dataset containing all possible reading frames (data not shown). Therefore, to avoid the "on the fly" translation step of TBLAST2N and related applications, the human genome was first split into all reading frames and translated prior to being used as a database, as shown in this paper. An interesting application called PROmer (Delcher et al., 2002) , which is part of the MUMmer suite of genomic alignment tools, uses a similar approach to that described in this report. PROmer utilizes two genomic DNA sequences, translates them into six reading frames and compares the two sequences based on their translated sequences.
PROmer was designed to detect distant relationships between two genomic sequences that may not be apparent by direct nucleic acid to nucleic acid comparison. It does not perform homology based searches.
It remains possible that changing the word size or word extension threshold for TBLAST2N could improve its performance on the genomes. Although the question remains open. We note two distinguishing elements as possible causes for the consistently increased sensitivity seen when searching against the 14 predetermined reading frames. The first element is the overdetermination of potential open reading frames, thereby including those that traditional gene prediction algorithms miss. The second element is the predetermined reading frame genome dataset breaks the sequence data into small chunks delimited by nonprotein coding nucleotides. This locating of boundaries adds a small amount of external information to the raw genomic data. The result is a dataset that may have a slightly higher signal to noise ratio for reading frames than the raw genomic sequence. Combining such a dataset with protein similarity scoring matrices (all the searches were performed using the BLOSUM 62 matrix) may have been sufficient to increase overall homology search sensitivity.
The annotations from the Celera Discovery System were chosen as an external benchmark for the protein-protein based searches. The annotations of the Celera data were derived first by gene prediction and then fitted to known genes by homology and motif analysis (such as PROSITE patterns). Thus in many ways the Celera derived annotations represent an approach opposite to ours. Interestingly, the performance of the protein -protein based searches versus the annotations from the Celera Discovery System varied. For the ETS domain analysis, the annotations from Celera missed nine genomic loci that the protein -protein based searches identified. Since the Celera annotations are based on motif analysis after gene/transcript prediction, transcripts that are unique in structure that the prediction algorithm misses or that are unique in sequence that the motif analysis application misses, will not be properly annotated. In this case, the protein -protein homology based searches have the advantage. Nevertheless, the power of first predicting the transcript followed by motif analysis is shown by those genes whose motifs are split by introns. These motifs may be missed by the protein-protein based search method, since the relevant motif is split into two or more parts and hence could be lost in the noise of the amino acid sequence derived from the surrounding intronic regions. For example, the homology based methods did not identify the Sterol Carrier Protein X and aconitase 2 as being similar to acetyl-CoA acetyltransferase I. Sterol Carrier Protein X is a pro-protein. The amino half of the protein is a thiolase while the carboxyl half is a steroid carrier protein. The pro -protein was post-translationally processed to give the two proteins. However, the thiolase domain is split among 9 exons with no one domain being longer than 50 amino acids. A pairwise alignment of the query protein, acetyl-CoA acetyltransferase I, with the thiolase portion of SCP -X shows 23% overall identity. The 9 exons split the overall protein and the resultant alignment with the query is 15 broken up into short low identity regions that were missed by FASTA3 and BLAST2P. This low percent identity was also seen with the aconitase 2 gene, which is at best only 22% identical over a 68 amino acid region with acetyl CoA acetyltransferase I. Again, FASTA3 and BLAST2P missed these two genes.
Conversely, all three homology algorithms identified transferase/thiolase like hits on chromosome X, while BLAST2P identified an additional thiolase on chromosome 3. In these cases, the Celera genome annotation did not identify these genes as being related to the transferase/thiolase family.
The approaches presented here are simply to improve the sensitivity of conventional homology search methods without degrading their selectivity. It takes advantage of the fact that searching in "protein space" allows detection of distant homologies that would otherwise be difficult to identify by protein to nucleic acid searches or nucleic acid to nucleic acid searches. It increases the sensitivity of conventional homology search algorithms against datasets such as the human genome when BLAST2P or FASTA3 is used instead of TBLAST2N. The goal of this approach is not to replace methods such as HMMER, MEME/MAST, Profilesearch, or Smith Waterman, which also can benefit from using a predetermined reading frame genome, but to allow one quickly to perform a deep homology search against a genome using commonly used search algorithms. Multiple Sequence Alignment of Novel ETS Domain. The conceptual protein sequence of the complete chromosome X ETS like domain from positions 126525118 to 126525306 on the negative strand is aligned by MULTICLUSTAL (Yuan et al., 1999) with its top hit by FASTA3 (Chicken C-ETS-2, swissprot: P10157) and two crystallized ETS domains, one from SAP-1 (swissprot: P28324) and the other from ELK-1(swissprot: P19419) (Mo et al., 2000) . The residues conserved among these four sequences are highlighted in bold. The consensus sequence is shown below the alignment. All residues that are involved in DNA contact as derived from the ELK -1/DNA co-crystal and SAP-1/DNA co-crystal are also shown at the bottom of the figure in bold.
Figure Legends
Figure 2
Multiple Sequence Alignment of Bromodomains. A) This is a multiple sequence alignment of the query sequence for bromodomain from Human bro modomain containing protein 1 (swissprot:O95696) to four of the domains that were only found in the Celera annotations (E1A bind 5, Chr19tripart, SP110, and MLLrefer to Table 3 for full annotation). B) This is a multiple sequence alignment between the bromodomain of Human bromodomain containing protein 1 and the motifs identified on chromosome 11 between 8475426 and 8475211 and chromosome 17 between 67899695 and 67899883. Both alignments were performed using the default parameters for CLUSTALW (Thompson et al., 1994) . All identical sequences are shaded in black while similar residues are shaded in grey. Table 1 ETS Domain Hits. All the hits from the homology based searches as verified by HMMPFAM and from the Celera Discovery System as annotated by the Prosite ETS domain motif or by homology are listed. The first column lists the chromosome in which the hit is found. The second column lists the 5' end of the hit.
The third column is the annotation for the hit. The fourth through seventh columns indicate whether the motif was found by TBLAST2N, BLAST2P, FASTA3 or Celera annotation respectively. Any annotation that is not human or has the word "like" represents a similarity match based on top BLAST2P hit against a nonredundant protein database. The "X" indicates the presence of a positive hit. Table 2 Bromodomain Hits. All the hits from the homology based searches as verified by HMMPFAM and from the Celera Discovery System as annotated by the Prosite bromodomain motif or by homology are listed.
The first column lists the chromosome in which the hit is found. The second column lists the 5' end of the hit. The third column is the annotation for the hit. The fourth through seventh columns indicate whether the motif was found by TBLAST2N, BLAST2P, FASTA3 or Celera annotation respectively. Any annotation that is not human or has the word "like" represents a similarity match based on top BLAST2P hit against a nonredundant protein database. The "X" indicates the presence of a positive hit.
Table 3
Acetyl-CoA Acetyltransferase/Thiolase Hits. All the hits from the homology based searches as verified by HMMPFAM and from the Celera Discovery System as annotated by the Prosite thiolase domain motif or by homology are listed. The first column lists the chromosome in which the hit is found. The second column lists the 5' end of the hit. The third column is the annotation for the hit. The fourth through seventh columns indicate whether the motif was found by TBLAST2N, BLAST2P, FASTA3 or Celera annotation respectively. Any annotation that is not human or has the word "like" represents a similarity match based on top BLAST2P hit against a nonredundant protein database. The "X" indicates the presence of a positive hit.
Table 4
Receiver Operating Characteristic Scores. The ROC 50 scores for each method (BLAST2P, TBLAST2N, and FASTA3) and for each query (ETS domain, Bromodomain, and Acetyl-CoA acetyltransferase) are presented. The No Merge columns contain the ROC 50 score calculated on the raw data. The 1kb Merge columns had all hits within 1kb of each other merged into one hypothetical hit and the top scoring entry of the merge is scored the ROC 50 analysis. The 1mb Merge columns are similar to the 1 kb Merge columns except all hits within 1mb of each other are merged and scored.
